Phosphorylation of δ opioid receptors (DOP receptors) by cyclin-dependent kinase 5 (CDK5) was shown to regulate the trafficking of this receptor. Therefore, we aimed to determine the role of CDK5 in regulating DOP receptors in rats treated with morphine or with complete Freund's adjuvant (CFA). As μ (MOP) and DOP receptors are known to be co-regulated, we also sought to determine if CDK5-mediated regulation of DOP receptors also affects MOP receptor functions.
Introduction
Although their use is often limited by several unwanted effects, opioids remain the gold standard of care for the treatment of moderate to severe pain (McQuay, 1999) . Clinically available opioids produce their effects mainly through the μ opioid receptor (MOP receptor). In addition to the MOP receptor subtype, the δ opioid receptor (DOP receptor) has shown a great potential for the development of novel analgesics as selective DOP receptor agonists were found to produce less adverse effects than commonly used opioids (Porreca et al., 1984; May et al., 1989; Dondio et al., 1997; Szeto et al., 1999; Brandt et al., 2001; Petrillo et al., 2003; Gallantine and Meert, 2005; Beaudry et al., 2009; Hudzik et al., 2014) .
Admittedly, the analgesia mediated by the DOP receptor is modest in naïve animals. The limited efficacy of DOP receptor agonists is thought to be the consequence of a small proportion of receptors expressed at the plasma membrane in neurons throughout the pain pathway (Cahill et al., 2001; 2003; Morinville et al., 2003; Gendron et al., 2006; 2007a,b) . Over the last decade, we and others have shown that chronic inflammation and repeated morphine treatments significantly increase the DOP receptor-mediated analgesic effects as well as the density of DOP receptors expressed at the cell surface of spinal cord and dorsal root ganglia (DRG) neurons (Cahill et al., 2001; 2003; Morinville et al., 2003; Gendron et al., 2007a,b) . Although the precise mechanisms mediating the regulation of DOP receptors is still unknown, it is worth noting that inflammation and morphine both regulate the trafficking and functions of DOP receptors through a MOP receptor-dependent mechanism (Morinville et al., 2004b; Gendron et al., 2007b) , suggesting that these receptors may interact with each other, either directly or indirectly (for a review, see Gendron et al., 2015) .
Among the potential mechanisms implicated in the regulation of DOP receptors, heterologous phosphorylation appears to play an important role. Indeed, intracellular loops and the carboxy-terminal tail of the DOP receptor possess a number of putative phosphorylation sites for various kinases. In addition to the GPCR kinases, phosphorylation sites regulating internalization and desensitization processes (Georgoussi et al., 2012) , a consensus phosphorylation motif for cyclin-dependent kinases (CDK) is present in the second intracellular loop of the DOP receptor (T 161 PXK). Indeed, this site was previously reported to be directly phosphorylated by CDK5 (Xie et al., 2009) .
CDK5 is a ubiquitous proline-directed serine/threonine kinase that is primarily active in the nervous system where its brain-specific activator p35 is also expressed. As opposed to other kinases of the CDK family, CDK5 is not involved in cell cycle progression. It rather plays important roles in processes such as neuronal activity, neuronal migration and neurite outgrowth. In the CNS, CDK5 was shown to be involved in the reward pathways (Arif, 2012) . More recently, it was also shown that CDK5 can phosphorylate the serine 321 residue in the third intracellular loop of the dopamine D2 receptor, impeding its agonist-induced surface expression and G-protein coupling (Jeong et al., 2013) . CDK5 is also involved in the regulation of the membrane expression of the glutamate receptors, NMDA and GluN2B (NR2B) (Zhang et al., 2008; Jeong et al., 2013) . Therefore, the presence of a CDK5 phosphorylation motif in the second intracellular loop of the DOP receptor suggests that this kinase may also be involved in regulating the traffic and/or the activity of this receptor.
In this study, we thus assessed the role of CDK5 on the regulation of DOP and MOP receptors in the rat CFA model of inflammation and in rats treated with increasing doses of morphine over 48 h, two experimental conditions previously shown to induce a MOP receptor-mediated gain of function for DOP receptors.
Methods

Animals
Experiments were carried out in adult male Sprague-Dawley rats weighing 225-250 g (total of 254 rats; Charles River, St Constant, QC, Canada) maintained on a 12 h light/dark cycle (06:00-18:00 h). Laboratory chow and water were available ad libitum. Behavioural tests were conducted between 07:00 and 11:30 (light cycle). All experiments were approved by the animal care committee of the Université de Sherbrooke These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http:// www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are permanently archived in the Concise Guide to PHARMACOLOGY 2013 /14 ( a,b,c,d Alexander et al., 2013a .
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(Protocol #242-10B). All studies involving animals are reported in accordance with the ARRIVE guidelines for reporting experiments involving animals McGrath et al., 2010) , and conformed to the directives of the Canadian Council on Animal Care, and guidelines of the International Association for the Study of Pain. All animal experiments were designed to minimize the number of animals used and their suffering.
Induction of inflammation
Unilateral inflammation of the hind limb and development of hyperalgesia was induced by a single injection of 100 μL emulsified complete Freund's adjuvant (CFA) 50 μg·100 μL −1
(Calbiochem, San Diego, CA, USA) in the plantar surface of the left hind paw of rats under brief isoflurane anaesthesia (anaesthesia was induced with 5% isoflurane, 95% O2, then maintained with 2.5% isoflurane, 97.5% O2, 2 L·min −1
). Inflammation was used to enhance cell surface availability of DOP receptors Morinville et al., 2004b; Gendron et al., 2006; 2007a,b) . Plantar tests were carried out 72 h after CFA injection as described later.
N-terminus ω-amino fatty acyl peptide synthesis ( [H 2 N-CH
Peptides C11-DOPri2 and C11-DOPrscrambled were synthesized using a solid phase continuous flow technique (Pioneer peptide synthesizer; Perkin Elmer, Guelph, ON, Canada) with 9-fluorenylmethoxycarbonyl (Fmoc) strategy. Fmoc-S-RAM TentaGel (Rapp Polymere, Tübingen, Germany) resin was used to start the peptide assembly. Fmoc-protected amino acids were coupled step-bystep on the solid phase. HATU [2-(1H-9-azabenzotriazole-1-yl)-1,1,3,3-tetramethyl-amonium hexa-fluorophosphate] was used as a coupling reagent in the presence of diisopropylethyl amine. At each coupling step, Fmoc was removed with 20% piperidine in dimethylformamide (DMF). Final acylation was performed manually on solid phase with twofold excess of Fmoc-HN-CH2-(CH2)9-COOH in dichloromethane using PyBOP (benzotriazole-1-yl-oxy-tris-pyrrolidinophosphonium hexafluorophosphate) as a coupling agent in the presence of diisopropylethyl amine. The N-terminal Fmoc-protecting group was removed with 50% piperidine solution in DMF. Peptides were cleaved from the resin with trifluoroacetic acid (TFA) : H2O : triisopropyl silane = 95%:2.5%:2.5%, were filtered from resin and precipitated by dropping into anhydrous ethyl ether. Precipitated peptide TFA salts were centrifuged, dissolved in water and lyophilized. Finally, the products were chromatographically purified on reversed phase chromatography (C18) and their identity verified by MALDI mass spectrometry.
I.t. injections
I.t. injections were done under brief isoflurane anaesthesia as previously described (Mestre et al., 1994; Fairbanks, 2003) . Briefly, a 30-G ½ needle mounted on a Luer tip Hamilton syringe (VWR, Montréal, QC, Canada) was inserted into the intervertebral space between the lumbar vertebrae L5-L6.
Appropriate placement of the needle was confirmed by observing a slight flick of the tail.
Administration of drugs and peptides
Control vehicle was administered for each compound. Otherwise, saline was used as the control vehicle. Morphine sulfate (lots #BK8689 and CC0630; Sandoz, Montréal, QC, Canada and lot #43156/C; Medisca, Montréal, QC, Canada) was diluted in sterile saline solution (0,9 % NaCl) to concentrations of 5, 8, 10 and 15 mg·mL −1 and stored at room temperature protected from light. Morphine sulfate was injected s.c. every 12 h for 48 h (5, 8, 10 and 15 mg·kg −1 ) to enhance cell surface availability of the DOP receptor (Cahill et al., 2001; Morinville et al., 2003; 2004a; Gendron et al., 2006; 2007a C11-DOPri2, a peptide sequence mimicking the second intracellular loop of the DOP receptor fused to an 11-carbon aliphatic chain, was diluted in sterile saline at 205 mg·mL −1 and stored at −20°C until used. As a control, C11-DOPrscrambled, a peptide fused to an 11-carbon aliphatic chain containing the amino acids of DOPri2 in a random sequence, was diluted in sterile saline. C11-DOPri2 and C11-DOPrscrambled peptides were administered at a concentration of 6.15 μg (4 nmol·30 μL −1 in sterile saline. For all experiments, roscovitine (1-30 μg in 30 μL), DMSO 50% (30 μL), C11-DOPri2 (6.15 μg), and C11-DOPrscrambled (6.15 μg) were injected either 30 min before each s.c. injection of morphine (total of four injections in 48 h) or 30 min before the CFA injection, and then twice a day (total of six injections in 72 h). Unless otherwise mentioned, the last injection of roscovitine, DMSO, C11-DOPri2 or C11-DOPrscrambled was performed 12 h before behavioural testing.
Behavioural testing
Plantar test. The response to a noxious heat stimulus was evaluated using the plantar test to measure the antihyperalgesic effects of drugs in rats treated with CFA. Animals were first habituated for 30 min in Plexiglas™ boxes positioned on a glass surface (IITC Life Science, Inc., Woodland Hills, CA, USA) 24 h before the baseline measurements. The following day (corresponding to the time point −72 h), the heat source was positioned under the plantar surface of the hind paw after a 15 min habituation period, and the latency for hind paw withdrawal in response to radiant heat was measured three times for each paw, in alternation. Subsequently, CFA was injected in the left hind paw as described earlier. Seventytwo hours after the injection of CFA, baseline withdrawal latencies (identified as 0 min) were measured for each hind paw twice in alternation. Afterwards, DAMGO or Dlt II were injected i.t. and the latencies to paw withdrawal were recorded every 15 min for 60 min. To prevent tissue damage, a cut-off time of 20 s was imposed. If an animal reached the cut-off, the light beam was automatically turned off and the animal was assigned the maximum score.
Tail flick test. Dlt II and DAMGO antinociception was assessed in morphine-treated rats (see earlier for details of the morphine treatment). Animals were acclimatized to the room and handling 2 days before the tail flick test. Twelve hours after the last morphine injection, tail flick latencies (tail immersion of 5 cm in a 52.0 ± 0.5°C water bath) following an i.t. challenge with either Dlt II (10 μg) or DAMGO (30 or 100 ng) were measured (in s) every 10 min for 60 min. To prevent tissue damage, a cut-off time of 10 s was imposed. If an animal reached the cut-off, the tail was immediately removed from the water and the animal was assigned the maximum score.
The antinociceptive effect of DAMGO and Dlt in the tail flick assay was expressed as a % of the 'maximum possible effect' (%MPE) calculated using the following formula:
test latency baseline latency cut-off baseline laten ncy ( )
Determination of ERK1/2 activity ex vivo
Rats were injected with CFA in the plantar surface of the hindpaw and received chronic roscovitine or vehicle (injected 30 min before CFA injection, and then twice a day). Seventytwo hours after CFA injection, rats received an i.t. injection of Dlt II (10 μg) or DAMGO (30 ng) for 20 min before being killed by decapitation under deep isoflurane anaesthesia (5% isoflurane, 95% O2, 2 L·min
). L4-L6 DRGs (ipsilateral and contralateral) were collected and immediately frozen on dry ice. Proteins were extracted by triturating entire DRGs in 50 μL of lysis buffer (50 mM HEPES pH 7.8, 100 nM staurosporine, 1 mM Na3VO4, 1% Triton-X100, protease inhibitors). Samples were separated on 10% SDS-polyacrylamide gels. Proteins were transferred electrophoretically to PVDF membranes. Membranes were blocked with 1% gelatin, 0.05% Tween 20 in TBS buffer (pH 7.5). After being washed with TBS-Tween 20 (0.05%), membranes were incubated overnight at 4°C with anti-phosphorylated p42/p44MAPK (1:1000) or anti-p42/ p44MAPK (1:1000), diluted in TBS-Tween 20 (0.05%). After the samples were washed with TBS-Tween 20, detection was accomplished using HRP-conjugated anti-rabbit IgG (1:2000) and an enhanced chemiluminescence detection system. Densitometry analysis was done using ImageJ software (Wayne Rasband, NIH, Bethesda, MD, USA).
Drug/molecular target nomenclature
The nomenclature of drug and molecular targets conforms to BJP's Concise Guide to Pharmacology (Alexander et al., 2013a,b) , except for opioid receptors, which have been abbreviated in accordance with a more recent review published by members of the NC-IUPHAR Opioid Receptor Nomenclature Subcommittee (Cox et al., 2015) .
Calculations and statistical analysis
Calculations were done with Excel (2010; Microsoft, Redmond, WA, USA), graphs with SigmaPlot 11.0 (Systat Software Inc., San Jose, CA, USA), and statistical analysis with Prism GraphPad 6 (GraphPad Software Inc., La Jolla, CA, USA). Data are expressed as the mean ± SEM.
Results
Effect of roscovitine on DOP receptor-mediated analgesia
To assess the role of CDK5 in the regulation of DOP receptormediated analgesia, we administered different doses of roscovitine to morphine-treated rats via the i.t. route. As shown in Figure 1A , 20 min after the injection Dlt II had a weak antinociceptive effect in saline-treated rats (16.3 ± 4.5% MPE; no morphine pretreatment). Conversely, when rats were treated for 48 h with increasing doses of morphine (5, 8, 10, 15 mg·kg
, every 12 h), the antinociceptive effect of Dlt II at 20 min was significantly increased (47.9 ± 5.4% MPE compared with 16.3 ± 4.5% MPE; for vehicle and no morphinepretreatment, respectively, P < 0.05 using one-way ANOVA with Tukey's multiple comparisons test). I.t. roscovitine administered 30 min before each morphine injection dosedependently decreased the antinociceptive effect of Dlt II as compared with vehicle-treated rats and this effect reached statistical significance with 30 μg roscovitine (14.8 ± 8.7 % MPE compared with 47.9 ± 5.4 % MPE for 30 μg and vehicle respectively, P < 0.05 using one-way ANOVA with Tukey's multiple comparisons test). In order to fully assess the effect of roscovitine on DOP receptor-mediated antinociception, a dose-response curve for Dlt II was performed in rats treated with 30 μg roscovitine or 30 μL of vehicle. There was a significant main effect for the dose of Delt II [F(2, 28) = 4.84, P < 0.05], but not for roscovitine treatment [F(1, 28) = 4.13, P > 0.05], and a significant interaction, [F(2, 28) = 4.99, P < 0.05]. As shown in Figure 1B , when chronic vehicle and chronic roscovitine groups were further compared using a Sidak's multiple comparisons test, a significant decrease in the analgesic effects for 10 μg Dlt II was observed in the animals chronically treated with roscovitine.
We then assessed the impact of inhibiting CDK5 with roscovitine (30 μg) on the Dlt II-induced antihyperalgesia in the CFA model of inflammation. As shown in Figure 2A , in vehicle-treated inflamed rats 10 μg of i.t. Dlt II induced a robust and transient antihyperalgesic effect. The paw withdrawal latency reached 9.89 ± 0.35 s 15 min after Dlt II injection and returned to baseline within 60 min. In roscovitine-pretreated rats, i.t. Dlt II produced a much lower antihyperalgesic effect than in vehicle-treated rats (Figure 2A injection of Dlt II). There was a significant main effect for roscovitine treatment [F(1, 198) = 22.35, P < 0.0001], and a significant interaction, [F(5, 198) = 5.25, P < 0.0001]. When chronic vehicle and chronic roscovitine groups were further compared using a Sidak's multiple comparisons test, a significant decrease in the analgesic effect of Delt II was found for the 15 and 30 min time points. When the area under curves (AUCs) were analysed and compared using an unpaired t-test, the antihyperalgesic effect of Dlt II was significantly reduced in roscovitine-pretreated rats ( Figure 2C ; AUC of 5.97 ± 1.24 compared with 11.09 ± 0.78 for roscovitine and vehicle groups respectively).
In the tail flick assay, i.t. Dlt II produced a transient increase in the time to tail withdrawal. The DOP receptormediated antinociceptive effect reached a maximum at 20 min (8.59 ± 0.34 s) and returned to baseline latencies by 50 min. There was no significant main effect for roscovitine treatment [F(1, 112) = 0.29, P > 0.05], and a significant interaction, [F(8, 126) = 4.80, P < 0.0001]. When the vehicle and roscovitine groups were further compared using a Sidak's multiple comparisons test, the antinociceptive effect of Dlt II was found to be significantly reduced 10 and 20 min after the injection in roscovitine-treated rats ( Figure 2B ). As it can be seen in Figure 2D , an unpaired t-test comparison for the AUC indicates that the antinociceptive effect of Dlt II was significantly reduced in roscovitine-pretreated rats ( Figure 2D ). Interestingly, roscovitine neither affected the level of hyperalgesia induced by the inflammation (Figure 2A ) nor the baseline latency to tail withdrawal ( Figure 2B ).
Because roscovitine is a non-selective CDK inhibitor (it inhibits CDK1, CDK2 and CDK5 with similar potencies), but also because CDK5 has numerous putative targets in vivo, we used a peptide-based approach to confirm a specific role of CDK5 in regulating DOP receptor-mediated analgesia. The second intracellular loop of the DOP receptor (C11-DOPri2), containing the threonine 161 residue phosphorylated by CDK5, was thus used to prevent the direct phosphorylation of the DOP receptor by Cdk5. The DOPri2 mimicking peptide was fused to an 11-carbon chain to increase its membrane permeability (C11-DOPri2). As shown in Figure 3A , in inflamed rats treated with the scrambled peptide, 10 μg of i.t. Dlt II induced an antihyperalgesia with a maximal effect at 15 min. The effect returned to baseline latencies within 45 min. There was no significant main effect for C11-DOPri2 treatment [F(1, 94) = 3.16, P > 0.05], and a significant interaction, [F(5, 94) = 11.26, P < 0.0001]. However, when chronic C11-DOPri2 and chronic C11-DOPrscrambled groups were compared using a Sidak's multiple comparisons test, the C11-DOPri2 pretreatment was found to significantly reduce the antihyperalgesic effect of i.t. Dlt II at the 15 min time point ( Figure 3A ). An analysis of the AUC using an unpaired t-test also revealed a significant effect of C11-DOPri2 on Delt II-induced analgesia ( Figure 3C ). Note that C11-DOPri2 attenuated the DOP receptor-mediated antihyperalgesic effect without modifying the hyperalgesia induced by inflammation ( Figure 3A ; 4.89 ± 0.24 s compared with 4.78 ± 0.24 s at 0 min for chronic C11-DOPri2 and chronic C11-DOPrscrambled respectively). Similarly, C11-DOPri2 pretreatment did not modify the baseline tail flick latencies in morphine-pretreated rats ( Figure 3B , compare times −10 to 0 min for chronic C11-DOPrscrambled and chronic C11-DOPri2). In C11-DOPrscrambled-treated rats, Dlt II induced a transient increase in tail flick latencies, reaching a maximal effect at 20 min. The effect returned to baseline latencies after 50 min. There was a significant main effect for C11-DOPri2 treatment [F(1, 90) = 6.66, P < 0.05], and a significant interaction, [F(8, 90) = 2.87, P < 0.01]. When chronic C11-DOPri2 and chronic C11-DOPrscrambled groups were further com- ). Twelve hours after the last morphine injection, tail flick latencies (in s) were measured every 10 min (from 0 to 60 min) after Dlt II i.t. injection (10 μg) using the tail immersion test. Data at the 20 min time point, representing the peak effect of Delt II, were used for the calculation of the %MPE. (A) i.t. roscovitine (1, 3, 10, 30 μg) administered 30 min before each morphine injection produced a dose-dependent decrease in Dlt II-induced antinociception. *P < 0.05 (n= 6 animals per group). (B) The antinociceptive effect of increasing doses of i.t. Dlt II expressed as the %MPE (percentage of the MPE) is shown for animals pretreated with morphine over 48 h and with vehicle or roscovitine 30 μg. **P < 0.01 (n= 4-6 animals per group).
pared using a Sidak's multiple comparisons test, a significant decrease in the Dlt II-induced antinociception at 30 min was revealed in the C11-DOPri2-treated group ( Figure 3B) . As revealed by an unpaired t-test, this effect of C11-DOPri2 was further confirmed by a significant decrease in the AUC ( Figure 3D ).
Role of CDK5 in the MOP receptor-mediated antinociception and antihyperalgesia
We then sought to determine if CDK5 also influences the analgesic effect induced by the MOP receptor despite the fact that the consensus phosphorylation motif for CDK5 is not present in this receptor. As shown in Figure 4A , in vehicletreated inflamed rats, 100 ng of i.t. DAMGO, a selective MOP receptor agonist, induced a robust and sustained increase in withdrawal latencies with maximum effect at 15 min. The effect returned to baseline values within 60 min. There was a significant main effect for roscovitine treatment [F(1, 126) = 24.19, P < 0.0001], and a significant interaction, [F(5, 126) = 3.30, P < 0.01]. A further analysis using a Sidak's multiple comparisons test revealed that the antihyperalgesic effect of DAMGO was significantly increased in roscovitinepretreated rats as compared with vehicle-treated rats at 15, 30 and 45 min ( Figure 4A) . A comparison of the AUC for the roscovitine-and vehicle-treated groups with an unpaired t-test also revealed a significant increase in the analgesic effect of DAMGO in the roscovitine-treated rats ( Figure 4C ). These results suggest that the inhibition of CDK5 increases the MOP receptor-mediated antihyperalgesia in the CFA model of inflammation.
In morphine-pretreated rats, 30 ng of i.t. DAMGO induced an increase in the tail flick latencies, reaching a maximal effect at 10 min and returning to baseline latencies after 60 min. There was a significant main effect for roscovitine treatment [F(1, 81) = 32.63, P < 0.0001], but the interaction was not significant, [F(8, 81) = 1.03, p > 0.05]. When the chronic vehicle and the chronic roscovitine groups were further compared using a Sidak's multiple comparisons test, roscovitine was found to significantly increased the DAMGO-induced antinociception at 20 min ( Figure 4B ). An unpaired t-test analysis of the AUC further supports that roscovitine increased the antinociceptive effect of DAMGO ( Figure 4D ). Noteworthy, a 48 h morphine-pretreatment did not modify the antinociceptive effect of DAMGO when compared with untreated rats (not shown).
To see whether the regulation of MOP receptor by CDK5 is dependent on the phosphorylation of the DOP receptor at the Thr 161 residue, we used C11-DOPri2 pretreatment prior to measuring the antihyperalgesic and antinociceptive effects of DAMGO. As shown in Figure 5A , in C11-DOPrscrambledtreated inflamed rats, 30 ng of i.t. DAMGO induced an increase in withdrawal latency with maximal effect at 30 min. The effect returned to baseline latencies after 45 min. There was a significant main effect for C11-DOPri2 treatment [F(1, 60) = 46.80, P < 0.0001], and a significant interaction, [F(5, 60) = 13.73, P < 0.0001). When the chronic C11-DOPrscrambled and the chronic C11-DOPri2 groups were further compared using a Sidak's multiple comparisons test, the C11-DOPri2 pretreatment was found to significantly increase the antihyperalgesic effect of i.t. DAMGO at 15 and 30 min ( Figure 5A ). An unpaired t-test analysis of the AUC further supports that C11-DOPri2 increased the antihyperal-
Figure 3
Effect of C11-DOPri2 on DOP receptor-mediated antihyperalgesia and antinociception. (A) Sprague-Dawley rats were injected with CFA in the plantar surface of the hindpaw. Thirty minutes before the CFA injection and every 12 h thereafter, rats were injected i.t. with C11-DOPri2 (6 and 15 μg) or C11-DOPrscrambled peptides (6 and 15 μg). Seventy-two hours after the CFA injection, paw withdrawal latencies (in s) to noxious heat (plantar test) were recorded every 15 min (from 0 to 60 min) following Dlt II administration (10 μg, i.t.). I.t.-administered C11-DOPri2 (6 and 15 μg) induced a significant decrease in DOP receptor-mediated antihyperalgesia. ****P < 0.0001. (B) Sprague-Dawley rats injected s.c. once every 12 h with escalating doses of morphine (5, 8, 10 and 15 mg·kg −1 ) received i.t. injections of C11-DOPri2 (6 and 15 μg) or C11-DOPrscrambled (6 and 15 μg) 30 min before each morphine injection. Twelve hours after the last morphine injection, tail flick latencies (in s) were measured every 10 min (from 0 to 60 min) after Dlt II injection (10 μg, i.t.) using the tail immersion test. C11-DOPri2 induced a significant decrease in DOP receptor-mediated antinociception. **P < 0.01. (C) Results presented in (A) are expressed as the AUC obtained between 0 and 60 min after Dlt II injection (the Y-axis baseline was set for each animal according to their latency to paw withdrawal after inflammation). *P < 0.05. (D) Results presented in (B) are expressed as the AUC obtained between 0 and 60 min after Dlt II injection (the Y-axis baseline was set for each animal according to their latency to tail withdrawal at 0 min). **P < 0.01. Numbers given in parentheses represent the number of animals per group. gesic effect of DAMGO ( Figure 5C ). As observed following roscovitine-pretreatment, injection of C11-DOPri2 did not modify the inflammation-induced hyperalgesia at 0 min ( Figure 5A ). In a similar way, C11-DOPri2 pretreatment did not modify baseline tail flick latencies when compared with C11-DOPrscrambled in morphine-pretreated rats ( Figure 5B , from −10 to 0 min for chronic C11-DOPrscrambled compared with chronic C11-DOPri2). In C11-DOPrscrambled-treated rats, DAMGO induced a transient increase in tail flick latencies reaching maximal effect at 10 min and returning to baseline latencies after 60 min. There was a significant main effect for C11-DOPri2 treatment [F(1, 90) = 24.76, P < 0.0001], but no significant interaction, [F(8, 90) = 1.09, P > 0.05]. When the chronic C11-DOPrscrambled and the chronic C11-DOPri2 groups were further compared using a Sidak's multiple comparisons test, a significant increase in DAMGOinduced antinociception at 10 min was found for the C11-DOPri2-treated group ( Figure 5B ). An analysis of the AUC using an unpaired t-test further supports a significant effect of C11-DOPri2 on the DAMGO-induced antinociception ( Figure 5D ).
Effect of acute roscovitine on the DOP and MOP receptor-mediated analgesia
One possible explanation of a modification of DOP and MOP receptor-induced analgesia following chronic CDK5 inhibi-
Figure 4
Effect of roscovitine on MOP receptor-mediated antihyperalgesia and antinociception. (A) Sprague-Dawley rats were injected with CFA in the plantar surface of the hindpaw. Thirty minutes before the CFA injection and every 12 h thereafter, rats were injected i.t. with roscovitine (30 μg) or vehicle (30 μL). Seventy-two hours after the CFA injection, paw withdrawal latencies (in s) to noxious heat (plantar test) were recorded every 15 min (from 0 to 60 min) following DAMGO administration (100 ng, i.t.). I.t.-administered roscovitine (30 μg) induced a significant increase in MOP receptor-mediated antihyperalgesia. *P < 0.05, **P < 0.01 and ***P < 0.001. tion is a direct effect of CDK5 on opioid receptors functions and/or signalling cascades. To test this hypothesis, we measured the analgesic effects of Dlt II and DAMGO in inflamed and in morphine pretreated rats 30 min after a single injection of vehicle or roscovitine. As shown in Figure 6 , an acute pretreatment with roscovitine (30 μg) did not modify the DOP receptor-mediated antihyperalgesia ( Figure 6A ). There was no significant main effect for acute roscovitine treatment [F(1, 60) = 0.33, P > 0.05], and no significant interaction [F(5, 60) = 1.03, P > 0.05]. In addition, acute roscovitine pretreatment did not modify Dlt II antinociceptive effect ( Figure 6B ).
There was no significant main effect for acute roscovitine treatment [F(1, 98) = 0.03, P > 0.05], and no significant interaction [F(8, 98) = 0.36, P > 0.05]. Similarly, roscovitine pretreatment had no effect on DAMGO-induced analgesia ( Figure 6C and D) . There was no significant main effect for acute roscovitine treatment on DAMGO antihyperalgesic effect [F(1, 58 
Figure 5
Effect of C11-DOPri2 on MOP receptor-mediated antihyperalgesia and antinociception. (A) Sprague-Dawley rats were injected with CFA in the plantar surface of the hindpaw. Thirty minutes before the CFA injection and every 12 h thereafter, rats were injected i.t. with C11-DOPri2 (6 and 15 μg) or C11-DOPrscrambled peptides (6 and 15 μg). Seventy-two hours after the CFA injection, paw withdrawal latencies (in s) to noxious heat (plantar test) were recorded every 15 min (from 0 to 60 min) following DAMGO administration (30 ng, i.t.). I.t.-administered C11-DOPri2 induced a significant increase in MOP receptor-mediated antihyperalgesia. ****P < 0.0001. (B) Sprague-Dawley rats injected s.c. once every 12 h with escalating doses of morphine (5, 8, 10 and 15 mg·kg −1 ) received i.t. injections of C11-DOPri2 (6 and 15 μg) or C11-DOPrscrambled peptides (6 and 15 μg) 30 min before each morphine injection. Twelve hours after the last morphine injection, tail flick latencies (in s) were measured every 10 min (from 0 to 60 min) after DAMGO injection (30 ng, i.t.) using the tail immersion test. C11-DOPri2 induced a significant increase in MOP receptor-mediated antinociception. *P < 0.05. (C) Results presented in (A) are expressed as the AUC obtained between 0 and 60 min after DAMGO injection (the Y-axis baseline was set for each animal according to their latency to paw withdrawal after inflammation). **P < 0.01. (D) Results presented in (B) are expressed as the AUC obtained between 0 and 60 min after DAMGO II injection (the Y-axis baseline was set for each animal according to their latency to tail withdrawal at 0 min). *P < 0.05. Numbers given in parentheses represent the number of animals per group.
Effect of roscovitine on DOP and MOP receptor-mediated activation of ERK1/2
DOP and MOP receptors are known to signal through the MAPK (ERK1/2) pathway (Eisinger and Schulz, 2005; Williams et al., 2013) . We therefore measured the activation of ERK1/2 in lumbar DRGs of rats following administration of Dlt II and DAMGO. In ipsilateral L4-L6 DRGs isolated from inflamed rats, 10 μg i.t. Dlt II induced a 127.38 ± 5.66 % increase of phosphorylation of ERK1/2 as compared with saline (Figure 7A and B; P < 0.05 using one-way ANOVA followed by Tukey's multiple comparisons test). Interestingly, in roscovitine-pretreated rats, DOP receptor-mediated ERK1/2 activation was completely abolished (Figure 7A and B; Rosco + Dlt II compared with Dlt II; P < 0.01, using one-way ANOVA followed by Tukey's multiple comparisons test). In rats injected with 30 ng of i.t. DAMGO, ERK1/2 phosphorylation was slightly increased, although it did not reach statistical significance when compared with saline-injected rats. Remarkably, chronic roscovitine pretreatment induced a robust increase in MOP receptor-mediated ERK1/2 activation (Figure 7A and B; Rosco + DAMGO compared with DAMGO; P < 0.01, using one-way ANOVA followed by Tukey's multiple comparisons test). ). Twelve hours after the last morphine injection they received an i.t. injection of roscovitine (30 μg) or vehicle (30 μL). 30 min thereafter, tail flick latencies (in s) were measured every 10 min (from 0 to 60 min) after Dlt II injection (10 μg, i.t.) using the tail immersion test. Roscovitine injection did not modify DOP receptor-mediated antinociception. (C) Rats were injected with CFA in the plantar surface of the hindpaw. Seventy-two hours after CFA injection, they received an i.t. injection of roscovitine (30 μg) or vehicle (30 μL). Thirty minutes after the injection, paw withdrawal latencies (in s) to noxious heat (plantar test) were recorded every 15 min for 60 min following DAMGO administration (30 ng, i.t.). I.t.-administered roscovitine (30 μg) did not modify MOP receptor-mediated antihyperalgesia. (D) Sprague-Dawley rats were injected s.c. once every 12 h with escalating doses of morphine (5, 8, 10 and 15 mg·kg −1 ). Twelve hours after the last morphine injection they received an i.t. injection of roscovitine (30 μg) or vehicle (30 μL). Thirty minutes after the injection, tail flick latencies (in s) were measured every 10 min (from 0 to 60 min) after DAMGO injection (30 ng, i.t.) using the tail immersion test. Roscovitine injection did not modify MOP receptor-mediated antinociception. Numbers given in parentheses represent the number of animals per group.
Discussion and conclusions
We have previously shown that chronic morphine and inflammation induced by CFA increase the density of δ opioid receptors (DOP receptors) at the plasma membrane of spinal cord and DRG neurons in rodents (Cahill et al., 2001; 2003; Morinville et al., 2003; Gendron et al., 2006; 2007a,b) . Among other mechanisms, receptor phosphorylation represents an important step in the regulation of receptor trafficking and activity. Interestingly, a consensus phosphorylation motif for CDKs is present in the second intracellular loop of DOP receptor and its phosphorylation by CDK5 was shown to be involved in regulating the trafficking of this receptor. The present study therefore investigated the role of CDK5 in regulating the activity of DOP receptor. We found that roscovitine dose-dependently (1-30 μg, i.t.) reduced the antinoniceptive effect of Dlt II in morphine-treated rats. Similarly, roscovitine induced a robust decrease in Dlt II-induced antihyperalgesia in the rat model of CFA-induced inflammation. Administration of the C11-DOPi2-mimicking peptide also produced a robust decrease in Dlt II-mediated antinociceptive and antihyperalgesic effects. Interestingly, although the MOP receptor does not contain the consensus recognition motif for CDK5, we observed that roscovitine significantly increased the antinociception and antihyperalgesia induced by DAMGO. Blockade of DOP receptor phosphorylation with C11-DOPi2 also significantly increased MOP receptor-mediated antinociceptive and antihyperalgesic effects. No effect of acute CDK5 inhibition on DOP and MOP receptor-mediated analgesia was found.
In the present study, pharmacological as well as peptidergic approaches were used to investigate the role of CDK5 on the regulation of DOP and MOP receptor-mediated analgesia. A limitation to the use of the pharmacological inhibitor roscovitine to identify the CDK isoform involved in the observed effects is its limited selectivity towards CDK5 versus CDK1 and CDK2 (Meijer et al., 1997; McClue et al., 2002) . Because all CDKs are able to phosphorylate the consensus site S/T-PX-K/H/R (Beaudette et al., 1993; Songyang et al., 1996) , one could argue that the effects reported in this study could therefore be attributed to CDK1 and/or CDK2 rather than to CDK5. For many reasons, a role for CDK1 and/or CDK2 in regulating the activity of neuronal MOP and DOP receptors is, however, unlikely. Firstly, in the adult nervous system, the expression of CDK1 and CDK2 was shown to be very limited (Hellmich et al., 1992; Miyajima et al., 1995; Negis et al., 2011; Wu et al., 2011) . By contrast, CDK5 is known to be expressed at high levels in post-mitotic neurons (Lee et al., 1996) where it has a cytoplasmic location (Smith and Tsai, 2002; Jeong et al., 2013) . One should also note that among the CDK members, CDK5 is the only isoform known to modulate the activity and the insertion of receptors into the plasma membrane. Indeed, CDK5 was shown to associate with the 5-HT receptor 5-HT 6 and to mediate its role in neuronal differentiation (Duhr et al., 2014) and migration (Jacobshagen et al., 2014) . In addition to the D2 dopamine receptor and NMDA (GluN2) glutamate receptors (Zhang et al., 2008; Jeong et al., 2013) , CDK5 was also found to mediate TRPV1 insertion into plasma membrane and to increase its activity (Xing et al., 2012) . Furthermore, carrageenan (Pareek et al., 2006) and CFA (Yang et al., 2007) have been shown to increase the activity of CDK5 in DRG neurons. Similarly, fentanyl, a MOP receptor agonist, has also been shown to increase the activity of CDK5 in the striatum and in the cerebral cortex of rats (Ramos-Miguel and Garcia-Sevilla, 2012) . Although this was not directly addressed in our study, these numerous evidences led us to conclude that among the roscovitine-sensitive CDKs, CDK5 is likely to be the isoform involved in the phosphorylation and in the regulation of DOP receptor and its activity. This hypothesis is further supported by previous findings from others showing that the
Figure 7
Roscovitine modifies the activity of DOP and MOP receptors ex vivo. Sprague-Dawley rats were injected with CFA in the plantar surface of the hindpaw. Thirty minutes before the CFA injection and every 12 h thereafter, rats were injected i.t. with vehicle or roscovitine (30 μg, i.t.). Seventy two hours after the CFA injection, rats received a single i.t. injection of Dlt II (10 μg) or DAMGO (30 ng) for 20 min, afterwards the DRGs were quickly collected and frozen in dry ice. Western blot analysis of phosphorylated ERK1/2 (pERK1 and pERK2) was performed as described in the Methods section. (A) Representative autoradiogram of ERK1/2 activation by Dlt II or DAMGO. The lower panel shows total ERK1/2. (B) Densitometric analysis of p42/ p44MAPK activation. In CFA-inflamed rats, Dlt II and DAMGO increased ERK1/2 phosphorylation in vehicle-treated rats. In roscovitine-treated rats, Dlt II-induced ERK1/2 phosphorylation was reduced whereas DAMGO-induced ERK1/2 phosphorylation was increased. *P < 0.05, **P < 0.01 and ***P < 0.001. (n = 3-5 animals per group).
expression of a dominant negative form of CDK5 in primary cultures of DRG neurons reduced the level of phosphorylation of DOP receptor on its threonine 161 (Xie et al., 2009) .
In rodents, it has been shown that the inhibition of CDK5 reduces DOP receptor-mediated analgesia as well as DOP receptor insertion into the plasma membrane (Xie et al., 2009) . However, the specific involvement of CDK5 in mediating the regulation of DOP receptor activity by inflammation or chronic morphine treatment is still unknown. In the present study, we revealed a role for CDK5 in the regulation of DOP receptor-mediated analgesia in inflamed-and in morphine-treated rats. We found that the inhibition of CDK5 increases the analgesic effect of DAMGO in CFA-and morphine-treated rats. The fact that roscovitine and the C11-DOPi2-mimicking peptide were found to modify the analgesic effects of Dlt II (negatively) and DAMGO (positively) suggests that the phosphorylation of DOP receptor by CDK5 plays an important role in the regulation of these receptors during chronic morphine treatment and under chronic inflammatory pain conditions. As we found that acute CDK5 inhibition did not interfere with DOP receptor-and MOP receptor-mediated analgesia, our results exclude a direct effect of CDK5 inhibition on the signalling cascades of either receptors. For a yet undetermined reason, our results, however, differ from others who described that the acute inhibition of CDK5 with roscovitine inhibits the DOP receptor-mediated calcium influx in cultured DRG neurons (Xie et al., 2009) as well as the analgesic effects of Dlt (Xie et al., 2009; Chen et al., 2012) .
Together with the present study, these results suggest that DOP receptor plays a role in the regulation of MOP receptor in inflamed-and in morphine-treated rats, but not in naïve animals. Different levels of interactions between the MOP and DOP receptor could therefore be responsible for these observations. Indeed, chronic morphine exposure was found to promote the MOP receptor/DOP receptor heteromer formation in many brain regions and in DRGs (Gupta et al., 2010) . Interestingly, increasing the interaction between MOP and DOP receptors was previously found to decrease the analgesic efficacy of morphine by inducing the co-degradation of MOP receptor following the activation of DOP receptor (He et al., 2011) . Although we cannot rule out an indirect regulation of the MOP and DOP receptor through their signalling cascades or within a neuronal network, in morphine-treated rats, and so possibly in inflamed rats, the fact that the inhibition of CDK5 increases MOP receptor functions is probably due to a loss of interaction with the DOP receptor, preventing MOP receptor degradation.
CDK5 has been shown to be involved in CFA-induced hyperalgesia (Yang et al., 2007; Zhang et al., 2012) . However, in the present study the CFA baseline latencies were similar among all groups. This discrepancy could be due to the different doses of roscovitine used here and by others. In our experimental design, we determined that the lowest dose of i.t. roscovitine able to inhibit the CFA-induced increase in DOP receptor function was 30 μg. By contrast, previous studies used as much as 100 μg of roscovitine. Admittedly, higher doses of roscovitine may produce a more robust effect on CFA-induced hyperalgesia. However, 100 μg of roscovitine may also have the potential to inhibit other CDK isoforms (McClue et al., 2002) . Indeed, in their studies Yang et al. and Zhang et al. found that 100 μg of roscovitine reduced the hyperalgesia induced by inflammation between days 1 and 5 (Yang et al., 2007; Zhang et al., 2012) . In the same study, this effect was not seen when a dose of 10 μg of roscovitine was used. Another possible explanation is the time frame at which the behavioural experiments were performed. Yang and collaborators indeed demonstrated a reduction of CFAinduced hyperalgesia in rats treated with 10 μg roscovitine during the first hours following CFA injection, but the effect was reversed after 3 days (Yang et al., 2007) . Our current study was designed to assess the mechanisms regulating DOP receptor in an inflammatory model. The 72 h treatment was selected based on our previous findings suggesting that the inflammation-induced up-regulation of DOP receptor in DRG neurons takes place 72 h after CFA injection, but not after 48 h (Gendron et al., 2006) . Taken together, these results indicate that the effect of CDK5 on the inflammation-induced hyperalgesia may occur during a short time frame after CFA injection or with high doses of roscovitine and potentially explain why we did not see any difference in the CFA-induced hyperalgesia in our experiments.
Opioid receptors are known to activate p42/p44MAPK (ERK1/2) in vitro (for review, see Law et al., 2000) , but to our knowledge, we are the first to show opioid-mediated ERK1/2 activation in freshly isolated DRGs. In the present study, we used this approach as a functional assay to correlate our behavioural findings. As expected, we found that the inhibition of CDK5 decreases the DOP receptor-mediated phosphorylation of ERK1/2 while it increased the effect of DAMGO. These results support our behavioural observations and reveal that CDK5 plays opposite roles in the regulation of DOP and MOP receptor functions.
Although the current study was not specifically designed to investigate the localization of MOP and DOP receptors, our observations strongly support the existence of an interaction between MOP and DOP receptors. Admittedly, we cannot entirely rule out the possibility that DOP and MOP receptor are located in different neurons of a network and that decreasing DOP receptor function is sufficient to modify the input of this neuron on a MOP receptor-positive neuron to regulate its functions. Although this assumption can easily be made for spinal cord neurons, such a network is difficult to reconcile with the pseudo-unipolar features of DRG neurons. Indeed, we showed that CDK5 inhibition had opposite effects on DOP and MOP receptor-mediated ERK1/2 activation in DRGs. One could still argue that CDK5 may be acting directly on the MOP receptor. However, the MOP receptor does not contain a consensus CDK phosphorylation motif in any of its intracellular loops (i.e. S/T-PX-K/H/R (Beaudette et al., 1993; Songyang et al., 1996) . Moreover, it is worth noting that the effect of roscovitine on MOP receptors has been mimicked by the DOPri2 peptide in vivo. As the action of this mimicking peptide on MOP receptor could only be indirect, that is by decreasing the CDK5-mediated phosphorylation of DOP receptors, our results strongly suggest that the effects principally occur in spinal and DRG neurons co-expressing DOP and MOP receptors, where they may interact to regulate each other's functions. Although the existence of MOP and DOP receptors in the same neurons has been challenged by others (Scherrer et al., 2009) , we have shown that these receptors both inhibit substance P release from primary afferents and play similar roles in alleviating various types of pain (Beaudry et al., 2011; Normandin et al., 2013) . Others have also demonstrated that MOP and DOP receptors are co-expressed in DRG neurons (Minami et al., 1995; Gupta et al., 2010; Wang et al., 2010) . Indeed, using engineered mice expressing the fluorescent version of both MOP and DOP receptors (double knock-in mice), Erbs and collaborators found that approximately 30% of DRG neurons co-express these receptors (Erbs et al., 2014) . Therefore, our results provide additional evidence for MOP and DOP receptor coexpression in neurons.
In conclusion, the current study reveals that the up-regulation of DOP receptor functions either by inflammation or morphine, in vivo, shares a common mechanism involving CDK5. We also demonstrated that the regulation of DOP receptors by CDK5 negatively regulates the functions of MOP receptors. Although the exact mechanisms involved in the activation of CDK5 under the experimental conditions used in this study remain unknown, our results improve our understanding of the regulation of opioid receptors. A better understanding of such mechanisms is mandatory to improving the therapeutic profile of opioids, most importantly those acting on DOP receptors.
